The 14C-labeled organophosphorus insecticide, propaphos [dipropyl 4-(methylthio)phenyl phosphate], degraded rapidly when exposed to sunlight as deposits on silica gel plates, glass surface, or in water solution. The half-life of the chemical was less than 2 hours in each case. Degradation pathways included oxidation of the methylthio sulfur to sulfoxide and sulfone derivatives, hydrolysis of the phosphorous-0-phenyl ester, and undefined transformations leading to highly polar products that increased in quantity with time of exposure. Exposure of water solution of the chemical to artificial UV light resulted in very rapid degradation to the same major photoproducts as were generated by exposure to sunlight and in liberation of 14C-carbon dioxide.
INTRODUCTION
The organophosphorus compound dipropyl 4-(methylthio)phenyl phosphate (propaphos) has given good control of certain insects that attack rice plants.
Recently, granules of propaphos were widely applied on seedling boxes for the control of green rice leaf hoppers1-7) and rice leaf beatles.8,9) As an applied chemical can be expected to widespread in the environment, evaluation of its environmental behavior is a prerequisite. Previously, the fate of propaphos in rice plant and paddy soil were investigated.10-12) The studies reported here were made to evaluate the fate of 14C-propaphos upon exposure to sunlight on surface and water solution.
MATERIALS AND METHODS
Chemicals
Radiocarbon labeled propaphos (5.99mCi/ mmol, with uniform labeling in the phenyl ring) was supplied for these studies by T. Kurokawa, Nippon Kayaku Co. Ltd. The labeled compound was of 99.5% radiochemical purity as indicated by thin layer chromatographic analysis, autoradiography, and subsequent quantitation of the radioactive areas of the plate by liquid scintillation counting. Certain nonradioactive analogues of propaphos were also prepared by our laboratory (Fig. 1) , such as, dipropyl 4-(methylsulfinyl)phenyl phosphate (propaphos -SO), 13) dipropyl 4 -(methylsulfonyl)phenyl phosphate (propaphos-S02),13) 4-methylthiophenol (phenol-S), 14) 4-methylsulfinylphenol (phenol-SO)14) and 4-methylsulfonylphenol (phenol-S02). 14'
Degradation on Silica Gel Chromatoplate and
Glass Surface For sunlight irradiation of silica gel tic plates, 20 p1(21ug, 8. 88X105dpm) of ethanol solution of 14C-propaphos was spotted on tic plates (Merck F254 0.25mm thickness) and then exposed to sunlight for 72hr. After exposure, these tic plates were developed in appropriate solvent systems.
The photodecomposition of 14C-propaphos by sunlight was also studied on glass petri dishes (3cm in diameter). 21 jig deposits of 14C-propaphos were spread as evenly as possible on the surface of the petri dish via 20al of ethanol carrier. The samples were then exposed to direct sunlight and analyzed at intervals by rinsing the petri dish thoroughly with acetone and then with water. The acetone extracts were subsequently concentrated and analyzed by tic. In all cases samples were exposed to sunlight ranged from 5 to 7 hours daily from April to August and moved to protected area at night.
Degradation in Water
Radiolabeled propaphos in ethanol solution was put in petri dishes (9cm in diameter) containing 50ml of distilled water (pH 7) to give a 2 ppm solution. Then, the petri dishes were exposed to sunlight with or without a quartz glass cover. At intervals, the sample weight was measured to know the volume of evaporated water, and then, an aliquot o f sample solution was pippeted out for measuring radioactivity. Another 4.5ml of sample solution was extracted two times with ethyl acetate. Radiocarbon in both ethyl acetate and aqueous phases were quantitated by liquid scintillation spectrometer (isc) then the organic phase was dried over sodium sulfate, concentrated, and analyzed by tic.
A 400ml solution of 14C-propaphos (1 ppm) was subjected to photolysis by low pressure mercury lamp (maximum intensity at 245 nm, Nikko Sekiei Co. Ltd. 10W) which was immersed to the sample solution directly. In the case of high pressure mercury lamp (maximum intensity at 365 nm, Nikko Sekiei, 100W), 350ml of 1 ppm of 14C-propaphos solution was irradiated by the lamp housed in a watercooled fused quartz immersion well. During exposure, the stirred sample was aerated by bubbling compressed air through the solution. Evolved gaseous radiocarbon was trapped by the solution of ethanolamine: methylcellosolve (1: 2) through toluene layer. After exposure, samples were acidified to pH 2, extracted, and analyzed as described above.
Analysis and Product Characterization
Radiocarbon was quantitated with a liquid scintillation spectrometer (Packard Tri-Carb 3320) in either of the following three scintillator solutions:
A, toluene solution, 15) B, dioxane solution15) and C, 5g of 2, 5-diphenyloxazole, 0.3g of dimethyl-POPOP in 1 liter of ethanolamine : methylcellosolve (1:3). Resolution of photoproducts was accomplished by using two-dimensional tic with the authentic propaphos analogues. The silica gel precoated plates used were Merck silica gel 60 F254 (20x20cm, 0.25mm gel thickness) with fluorescent indicator. The photoproduct mixture was spotted on one corner of the plate, and the plate was developed in a solvent mixture of n-hexane: chloroform: iso-propyl alcohol (4 1 : 1) and then in the second dimension in nhexane : iso-propyl ether: iso-propyl alcohol (4:2:1).
Rf values for authentic propaphos and its related compounds are listed in Table  1 . The plates were then exposed to X-ray Fig. 1 Chemical structure of propaphos and its related compounds. A*: n-hexane:chloroform:iso-propanol (4:1:1) B**: n-hexane: iso-propyl ether:iso-propanol (4:2:1) film (Fuji Kx) for an adequate time. After development of the film, the radioactive areas of the gel were scraped, and the radiocarbon was quantitated by lsc.
RESULTS
1. Photodegradation on Surfaces 1.1 Silica gel plate 14C -labeled propaphos was rapidly degraded by exposure to sunlight as surface deposits on silica gel thin layer chromatoplates ( Table 2) . After 2-hour exposure about 30% of the original propaphos was recovered unchanged, but by 4 hours after treatment, only trace amount of the parent compound remained. Four photodegradation products were separated and identified by two-dimensional tlc with nonlabeled authentic compounds as propaphos-SO (P1), propaphos-S02 (P2), phenol-SO (P4) and phenol-SO2 (P5), respectively. The major degradation pathways were oxidation of the methylthio sulfur to sulfoxide and then sulfone, and cleavage of the phosphorus-0-phenyl ester to phenolic compounds. The rate of oxidation reaction of propaphos was quite fast and propaphos-SO accumulated nearly the whole radiocarbon of photoproducts. However, 4-methylthio phenol was not detected at all, and oxidized phenols did not accumulate to any appreciable extent. About 33% of radiocarbon was lost from the plate after 72-hour exposure.
2 Glass plate
The photodegradation of 14C-propaphos exposed to sunlight on glass surface was quite similar to that of silica gel plates ( Table 3) . The half-life of propaphos was accounted about 1 hour. The major photoproducts extracted Table 2 Photodegradation of 14C-propaphos on silica gel chromatoplates exposed to sunlight. Table 3 Photodegradation of 14C-propaphos on glass plates exposed to sunlight.
from glass surface were almost same as those on silica gel, but the relative distribution of products with time of exposure was slightly different. Formation of propaphos-S02 from propaphos-SO was much more faster than on silica gel plates. After 18 hours exposure, almost all the radiocarbon in acetone soluble fraction was identified as propaphos-SO, but it was also degraded by further exposure. The recovery of radiocarbon after 50 hours exposure was less than 28% and nearly one third of them was found in water soluble fraction. Based on the observed accumulation of uncharacterized photoproducts and water soluble ones without any appreciable accumulation of phenols, it seems likely that the phenols underwent additional degradation to more polar products, probably polymerized phenolic compounds, but their chemical structures are not characterized as yet.
3 Photodegradation in water
When the water solution of 14C-propaphos was exposed to sunlight, disappearance of radiocarbon was quite small and was not affected by the presence of a quartz glass cover, though the great amount of water was lost through evapolation in the uncovered samples during exposure (Table 4 ). After 12-hour exposure, only 15% of water remained, whereas, more than 80% of radiocarbon resided in them.
Photodegradation of 14C-propaphos in water solution was also rapid by sunlight ; half-life of propaphos was about 5 and 1 hour with and Table 4 Changes in the level of radioactivity and in the volume of water under exposure to sunlight.
* blown with cold wind. Table 5 Photodegradation of 14C-propaphos in water solution exposed to sunlight.
* uncovered, * * covered with quartz glass without a cover, respectively (Table 5) . Apparently, the cover suppressed the photodegradation of propaphos. The photoproducts arising from oxidative and hydrolytic reactions were observed, furthermore, phenol-S (P3) was cleary detected. The most dominant reactions were formation of propaphos-SO, and a rapid accumulation of uncharacterized polar products that were not extractable from the aqueous phase with ethyl acetate. Accumulation of propaphos-S02 occurred in negligible amount. Samples held in the dark for 52 hours indicated that propaphos exhibits considarable stability in a water solution at pH 7, though a small amount of unoxidized phenol was formed. Exposure of 1 ppm water solution of 14C-propaphos to UV light gave the same photoproducts that were observed upon exposure to sunlight in water, though the rate of degradation was much faster in UV light (Table  6) .
Only 4. 5% of unchanged propaphos remained after 15 min exposure by 10W-lamp. Degradation of propaphos by UV light resulted in a rapid accumulation of uncharacterized and water soluble photoproducts, as in the case by sunlight. Radioactive carbon dioxide was the dominant radiocarbon after long time exposure by UV light. Almost all the radiocarbon was recovered as carbon dioxide in 100 W-lamp after 24 hours.
DISCUSSION
The studies reported here indicate that propaphos is readily decomposed by sunlight as surface deposits and in water solution. The major identified photoproducts arise through oxidative and hydrolytic reactions. Sulf oxide and sulf one derivatives were the most dominant photoproducts in surface deposits as reported by Murai16' using non-labeled propaphos. Oxidation of methylthio sulfur to sulf oxide and sulf one derivatives appeared to be the initial step in the degradation of propaphos, much like in the cases reported for other organo phosphates17, 18) or carbamates19) containing the thio ether group. Phenols formed through hydrolytic reaction did not so much accumulate in comparison with oxidized products, due apparently to slow formation and rapid degradation.
In water solution, propaphos-SO accumulated in earlier stage of exposure and then degraded to some water soluble photoproducts without accumulation of sulf one derivative.
Furthermore, almost all the radiocarbon was generated as carbon dioxide by UV light exposure. Studies in the dark indicate that the surface deposits and water solution of propaphos underwent very little degradation in the absence of light. The Table 6 Photodegradation of 14C-propaphos in water solution irradiated with UV light in the presence of air.
identified photoproducts formed through oxidative and hydrolytic reaction by sunlight will be not the terminal photodegradation residues to be expected in the environment because the recovery of radiocarbon was fairly small from surface deposits and carbon dioxide was rapidly generated in water solution by UV light irradiation.
The results described above suggest that propaphos is susceptible to photodegradation in environment.
